148 words) 25 26
Introduction 41 6 GS genes H. viridissima contains only GS-1 was found to be upregulated by the presence of 155 the photobiont (Supplementary Figure 3) . The discovery of these transcriptional responses 156 points to an intimate metabolic exchange between the partners in a species-specific manner.. To test whether photosynthetic activity of the symbiont is required for upregulation of gene 162 expression, Hv_Sym was either cultured under a standard 12 hr light/dark alternating regime 163 or continuously in the dark for 1 to 4 days prior to RNA extraction (Figure 2A) . Interestingly, 164 four (GS1, Spot14, Na/Pi and Sym-1) of five genes specifically activated by the presence of 165 Chlorella A99 showed significant upregulation when exposed to light (Figure 2B) , indicating 166 the relevance of photosynthetic activity of Chlorella. This upregulation was strictly dependent 167 on presence of the algae, as in aposymbiont Hv_Apo the response was absent (Figure 2B) . 168 On the other hand, symbiosis-regulated Hydra genes not specific for Chlorella A99 (Figure 1C  169 Symbiosis-regulated, Supplementary Table 2 ) appear not to be upregulated in a light-170 dependent manner (Supplementary Figure 4) . These genes are involved in Hydra´s innate 171 immune system (e.g. proteins containing Toll/interleukin-1 receptor domain or Death domain) 172 or in signal transduction (C-type mannose receptor, ephrin receptor, proline-rich 173 transmembrane protein 1, "protein-kinase, interferon-inducible double stranded RNA 174 dependent inhibitor, repressor of (p58 repressor)"). That particular transcriptional changes 175 observed in Hydra rely solely on the photosynthetic activity of Chlorella A99 was confirmed by 176 substituting the dark incubation with selective chemical photosynthesis inhibitor DCMU 177 (Dichorophenyl-dimethylurea) (Vandermeulen et al., 1972) , which resulted in a similar effect 178 (Figure 2C, D) . 179 7 photosynthetic products can be transported across these two tissue layers or some signals 193 can be transduced by cell-cell communication. 194 195 To more closely dissect the nature of the functional interaction between Hydra and Chlorella 196 and to explore the possibility that maltose released from the algae is involved in A99-specific 197 gene regulation, we cultured aposymbiotic polyps (Hv_Apo) for 2 days in medium containing 198 various concentrations of maltose (Figure 3J) . Of the five A99 specific genes, Spot14 gene were upregulated by maltose in a dose-dependent manner; the Na/Pi gene was 200 only upregulated in 100mM maltose and the Hydra specific genes Sym-1 and Sym-2 did not 201 show significant changes in expression by exposure to maltose (Figure 3J) . This provides 202 strong support for previous views that maltose excretion by symbiotic algae contributes to the 203 stabilization of this symbiotic association (Cernichiari et al., 1969) . When polyps were exposed 204 to glucose instead of maltose, the genes of interest were also transcriptionally activated in a 205 dose-dependent manner, while sucrose had no effect (Supplementary Figure 6A-D) . 206 Exposure to low concentrations of galactose increased transcriptional activity but at high 207 concentration it did not, indicating a substrate inhibitor effect for this sugar. That the response 208 to glucose is similar or even higher compared to maltose after 6 hours of treatment 209 (Supplementary Figure 6E) , suggests that Hydra cells transform maltose to glucose as a 210 source of energy. To better understand the symbiosis between H. viridissima and Chlorella and to refine our 215 knowledge of the functions that are required in this symbiosis, we sequenced the genome of 216 Chlorella sp. strain A99 and compared it to the genomes of other green algae. The genome of 217 Chlorella sp. A99 was sequenced to approximately 211-fold coverage, enabling the generation 218 of an assembly comprising a total of 40.9 Mbp (82 scaffolds, N50=1.7Mbp) (Supplementary 219 Table 3). Chlorella sp. A99 belongs to the family Chlorellaceae (Figure 4A ) and of the green 220 algae whose genomes have been sequenced it is most closely related to Chlorella variabilis 221 NC64A (NC64A) (Merchant et al., 2007; Palenik et al., 2007; Worden et al., 2009; Blanc et al., 222 2010; Prochnik et al., 2010; Blanc et al., 2012; Gao et al., 2014; Pombert et al., 2014) . The 223 genome size of the total assembly in strain A99 was similar to that of strain NC64A (46.2Mb) 224 (Figure 4B) . By k-mer analysis (k-mer = 19) , the genome size of A99 was estimated to be 61 225 Mbp (Marcais and Kingsford, 2011) . Its GC content of 68%, is the highest among the green 226 algae species recorded (Figure 4B) . In the A99 genome, 8298 gene models were predicted. 227 Figure 4C , about 80% of these predicted genes have extensive sequence 228 similarity to plant genes, while 13% so far have no similarity to genes of any other organisms 229 (Figure 4C) . It is also noteworthy that 7% of the A99 genes are similar to genes of other 230 kingdoms but not to Hydra, indicating the absence of gene transfer from Hydra to the 231 photobiont genome (Figure 4C) . 232
As shown in

233
The Chlorella A99 genome provides evidences for extensive nitrogenous amino acid 234 import and an incomplete nitrate assimilation pathway 235 236 Several independent lines of evidence demonstrate that nitrogen limitation and amino-acid 237 metabolism have a key role in the Chlorella-Hydra symbiosis and that symbiotic Chlorella A99 238 depends on glutamine provided by its host (Rees, 1986; McAuley, 1987a McAuley, , b, 1991 Rees, 1991 ) 239 (Rees, 1989 . To identify Chlorella candidate factors for the development and maintenance of 240 the symbiotic life style, we therefore used the available genome information to assess genes 241 potentially involved in amino acid transport and the nitrogen metabolic pathway. 242
243
When performing a search for the Pfam domain "Aa_trans" or "AA_permease" to find amino 244 acid transporter genes in the A99 genome, we discovered numerous genes containing the 245 Aa_trans domain ( Supplementary Table 4A ). In particular, A99 contains many orthologous 246 genes of amino acid permease 2 and of transmembrane amino acid transporter family protein 247 (solute carrier family 38, sodium-coupled neutral amino acid transporter), as well as NC64A 248
( Supplementary Table 4B , C). Both of these gene products are known to transport neutral 249 amino acids including glutamine. This observation is supporting the view that import of amino 250 acids is an essential feature for the symbiotic way of life of Chlorella. 251
252
In nitrogen assimilation processes, plants usually take up nitrogen in the form of nitrate (NO3 -) 253 via nitrate transporters (NRTs) or as ammonium (NH4 + ) via ammonium transporters (AMT) 254 ( Figure 5A) . In higher plants, two types of nitrate transporters, NRT1 and NRT2, have been 255 identified (Krapp et al., 2014) . Some NRT2 require nitrate assimilation-related component 2 256 (NAR2) to be functional (Quesada et al., 1994) . NO3is reduced to nitrite by nitrate reductase 257 (NR), NO2is transported to the chloroplast by nitrate assimilation-related component1 (NAR1), 258 and NO2is reduced to NH4 + by nitrite reductase (NiR). NH4 + is incorporated into glutamine 259 (Gln) by glutamine synthetase (GS), and Gln is incorporated into glutamate (Glu) by NADH-260 dependent glutamine amide-2-oxoglutarate aminotransferase (GOGAT), also known as 261 glutamate synthase. This pathway is highly conserved among plants. In the genomes of 10 262 green algae species sequenced so far, the major components of the pathway, including NRT1 263 and NRT2, NAR1 and NAR2, NR, NiR, AMT, GOGAT and GS, are all present, although NRT1 264 is absent in the Micromonas pusilla genome (Sanz- Luque et al., 2015) . 265 9 reciprocal blast search using the protein sequences from other green algae ( Figure 5B , 269 Supplementary Table 5 ). As expected, the Chlorella A99 genome contains many homologues 270 of the genes involved in nitrogen assimilation in plants including genes encoding NRT1, NAR1, 271 NR, AMT, GS and GOGAT ( Figure 5B) . Intriguingly, our systematic searches have failed to 272 identify representative genes for NRT2, NAR2 and NiR in the Chlorella A99 genome (Figure 273 5B). We confirmed the absence of the NRT2 and NiR genes by PCR using primers designed 274 for the conserved regions of these genes and which failed to produce a product with genomic 275 DNA as a template ( Supplementary Figure 7) . Due to the weak sequence conservation of the 276 NAR2 gene in the three algae genomes, PCR of that gene was not performed. Taken together, 277 our observations indicate that Chlorella A99 algae appear to lack NRT2, NAR2 and NiR. 278 279 Since in many fungi, cyanobacteria and algae species, nitrate assimilation genes are known 280 to act in concert and a gene cluster of NR and NiR genes is conserved between different green 281 algae (Sanz- Luque et al., 2015) , we next investigated the level of genomic clustering of the 282 nitrate assimilation pathway genes in the Chlorella genome. Comparing the genomes of 283 NC64A and Coccomyxa subellipsoidea C169 (C169) revealed the presence of a cluster of NR 284 and NiR genes ( Figure 5C ). In NC64A, two NRT2 genes, together with genes for NAR2, NR 285 and NiR are clustered on scaffold 21. In C169, one of NR genes and NiR are clustered together 286 but the second NR gene is separate. Interestingly, analyzing the sequences around the NR 287 gene in the Chlorella A99 genome provided no evidence for the presence of a co-localized NiR 288 gene or any other nitrate assimilation genes, nor any conserved gene synteny to NC64A and 289 C169 ( Figure 5C ). Our comparative genomic analyses therefore points to an incomplete as 290 well as scattered nitrogen metabolic pathway in symbiotic Chlorella A99, which lacks essential 291 transporters and enzymes for nitrate assimilation and also lacks the clustered structure of 292 nitrate assimilation genes. The absence of genes essential for nitrate assimilation in the Chlorella A99 genome ( Figure  298 5) is consistent with its inability to grow outside the Hydra host cell (Habetha and Bosch, 2005) 299 and indicates that Chlorella symbionts are dependent on metabolites provided by their host. 300 We hypothesized that Chlorella is unable to use nitrite and ammonium as a nitrogen source, 301 and that it relies on Hydra assimilating ammonium to glutamine to serve as the nitrogen source. 302
To test this hypothesis and to examine utilization of nitrogen compounds of A99, we isolated 303 Chlorella A99 from Hv_Sym and cultivated it in vitro using modified bold basal medium (BBM) 304 (Nichols and Bold, 1965) containing the same amount of nitrogen in the form of NO3 -, NH4 + , 10 NC64A (NC64A) isolated from Hv_NC64A and free-living C169 were used. To confirm that the 307 cultured A99 is not contamination, we amplified and sequenced the genomic region of the 18S 308 rRNA gene by PCR ( Supplementary Figure 8 ) and checked this against the genomic 309 sequence of A99. Kamako et al. reported that free-living algae Chlorella vulgaris Beijerinck var. 310 vulgaris grow in media containing only inorganic nitrogen compounds as well as in media 311 containing casamino acids as a nitrogen source, while NC64A required amino acids for growth 312 (Kamako et al., 2005) . Consistent with these observations, C169 grew in all tested media and 313 NC64A grew in media containing casamino acids and Gln, although its growth rate was quite 314 low in presence of NH4 + and NO3 - (Figure 6) . Remarkably, Chlorella A99 increased in cell 315 number for up to 8 days in media containing casamino acids and Gln (Figure 6 ). Similar to 316 NC64A, A99 did not grow in presence of NH4 + and NO3 -. The growth rates of both A99 and 317 NC64A were higher in medium containing a mixture of amino acids (casamino acids) than the 318 single amino acid Gln. In contrast to NC64A, A99 could not be cultivated permanently in 319 casamino acids or glutamine supplemented medium, indicating that additional growth factors 320 are necessary to maintain in vitro growth of this obligate symbiont. Thus, although in vitro 321 growth of A99 can be promoted by adding Glu and amino acids to the medium, A99 cannot be 322 cultured permanently in this enriched medium, indicating that other host derived factors remain 323 to be uncovered. Sequencing of the Chlorella A99 genome in combination with the transcriptome analyses of 328 symbiotic, aposymbiotic and NC64A-infected H. viridissima polyps has enabled the 329 identification of genes with specific functions in this symbiotic partnership. The Hydra-Chlorella 330 symbiosis links carbohydrate supply from the photobiont to glutamine synthesis by the host. 331
Characteristics of the symbiont genome obviously reflect its adaptation to this way of life, 332
including an increase in amino acid transporters and degeneration of the nitrate assimilation 333 pathway. This conclusion is based on six observations: (i) Expression of some genes including 334 GS-1, Spot 14 and NaPi is specifically upregulated in the presence of Chlorella A99 (Fig. 1C , 335 Supplementary Table 1) , and (ii) they are induced by both, photosynthetic activity of Chlorella 336 and by supplying exogenous maltose or glucose (Figure 2, 3J, Supplementary Figure 6) . 337 These results indicate that maltose release by photosynthesis of the symbiont enhances 338 nutrition supply including glutamine by the host (Figure 7) . (iii) Symbiotic Chlorella A99 cannot 339 be cultivated in vitro in medium containing a single inorganic nitrogen source (Figure 6 ). Since 340 medium containing glutamine supports in vitro growth of A99, this organism appears to depend 341 on glutamine provided by the Hydra host. (iv) The genome of Chlorella A99 contains multiple nitrate assimilation pathway. As for ammonium, which is one of the main nitrogen sources in 345 plants, previous studies have reported the inability of symbiotic algae to take up ammonium 346 because of the low peri-algal pH (pH 4-5) that stimulates maltose release (Douglas and Smith, 347 1984; Rees, 1989; McAuley, 1991; Dorling et al., 1997) . Since Chlorella apparently cannot use 348 nitrite and ammonium as a nitrogen source, it seems that Hydra has to assimilate ammonium 349 to glutamine and provides it to Chlorella A99 (Figure 7) . 350
(v) While polyps with native symbiont Chlorella A99 grew faster than aposymbiotic ones, 351 symbiosis with foreign algae NC64A had no effect on the growth of polyps at all ( Figure 1B) . 352 (vi) Hydra endodermal epithelial cells host significantly fewer NC64A algae than A99 353 (Supplementary Figure 1) providing additional support for the view of a tightly regulated 354 codependent partnership in which exchange of nutrients appears to be the primary driving 355
force. 356
Previous studies have reported that symbiotic Chlorella in green hydra releases significantly 357 larger amounts of maltose than NC64A (Mews and Smith, 1982; Rees, 1989 ). In addition, Rees 358 reported that Hydra polyps containing high maltose releasing algae had a high GS activity, 359 whereas aposymbiotic Hydra or Hydra with a low maltose releasing algae had lower GS activity 360 (Rees, 1986) . Although the underlying mechanism of how maltose secretion and transportation 361 from Chlorella is regulated is still unclear, the amount of maltose released by the symbiont 362 could be an important symbiont-derived driver or stabilizer of the Hydra-Chlorella symbiosis. 363 364 Exchange of nitrogenous compounds and photosynthetic products between host and symbiont 365 is widely found in other symbiotic associations. For example, in marine invertebrates such as 366 corals, sea anemones, and giant clams associated with Symbiodinium algae, the algae provide 367 the photosynthate in forms of glucose, glycerol, organic acids, amino acids or lipids to their 368 host, and in turn the symbionts receive ammonia or glutamine as nitrogen sources (Burriesci 369 et al., 2012; Davy et al., 2012; Kellogg and Patton, 1983; Lewis and Smith, 1971; Muscatine, 370 1965; Muscatine and Cernichiari, 1969; 1993; Trench, 1971; Venn et al., 2008; Whitehead and 371 Douglas, 2003; Yellowlees et al., 2008) . Moreover, in corals a Na/Pi transporter is involved in 372 the uptake of phosphate across host membranes, and the zooxanthellae contribute to the 373 uptake of phosphate (D'Elia, 1977; Jackson et al., 1989) . These observations together with the 374 results presented here make the host-controlled supply of nitrogen and phosphorus as a 375 response of a signal photosynthate seem the universal principle of invertebrate-algae 376
symbiosis. 377
Metabolic dependence of symbionts on host supply occasionally results in genome reduction 378 and gene loss. For example, the symbiotic Buchnera bacteria of insects are missing particular 379 genes in essential amino acid pathways (Shigenobu et al., 2000; Hansen et al., 2011) . The fact 380 that the corresponding genes of the host are upregulated in the bacteriocyte, indicates 381 complementarity and syntrophy between host and symbiont. Similarly, in Chlorella A99 the 382 nitrogen assimilation system could have been lost as result of continuous supply of nitrogenous 383 amino acids provided by Hydra. On the other hand, the genome size and total gene number 384 of Chlorella A99 is similar to other species in the class Trebouxiophyceae ( Figure 4B) . The 385 apparently unchanged complexity of the Chlorella A99 genome suggests a relatively early 386 stage of this symbiotic partnership. From these observation, we propose that the gene loss in 387 metabolic pathway is the first step of genome reduction caused by dependency on nutrients 388 from the host. Our study suggests metabolic-codependency is the primary driving force for the 389 evolution of symbiosis between Hydra and Chlorella. 
Biological materials and procedures 394
Experiments were carried out with the Australian Hydra viridissima strain A99, which was 395 obtained from Dr. Richard Campbell, Irvine. Polyps were maintained at 18°C on a 12 hours 396 light/dark cycle and fed with Artemia two or three times a week. Aposymbiotic (algae free) 397 polyps were obtained by photobleaching using 5 μM DCMU (3-(3,4-dichlorophenyl)-1,1-398 dimethylurea) as described before (Pardy, 1976; Habetha et al., 2003) . Experiments were 399 carried out with polyps starved for 3-6 days. Isolation of endodermal layer and ectodermal layer 400 was performed as described by Kishimoto et al. (Kishimoto et al., 1996) . Symbiotic Chlorella 401 were isolated as described before by Muscatine and McAuley (Muscatine, 1983; McAuley, 402 1986b (Boetzer et al., 2011) . Gaps inside the scaffolds were closed with the paired-end and mate-overcome potential assembly errors arising from tandem repeats, sequences that aligned to 459 another sequence by more than 50% of the length using blastn (1e-50) were removed from 460 the assembly. The completeness of the genome was evaluated using CEGMA v2.4 (Core 461
Eukaryotic Genes Mapping Approach) based on mapping of the 248 most highly conserved 462 core eukaryotic genes (CEGs) on the assembled genome (Parra et al., 2007) . The 463 completeness of complete and partial CEGs in the A99 scaffolds was 80% and 88%, 464 respectively. The fraction of repetitive sequences was 12%. Gene models was predicted by 465 AUGUSTUS 3.0.1 using model parameters for NC64A (Stanke et al., 2006) . This Whole 466
Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the accession 467 PCFQ00000000 (BioProject ID: PRJNA412448). The genome sequences and gene models 468 are also accessible at website of OIST Marine Genomics Unit Genome Project 469 (http://marinegenomics.oist.jp/chlorellaA99/viewer/info?project_id=65). For comparative analysis of gene models of Chlorella sp. A99 and other algae, domain 483 searches against the Pfam database (Pfam-A.hmm) were performed using HMMER (Eddy, 484 reported by (Sanz-Luque et al., 2015) . We used these data as reference for searches of 497 nitrogen assimilation genes, and further nitrogen assimilation genes were searched by Kyoto 498
Encyclopedia of Genes and Genomes (KEGG) pathway (Kanehisa and Goto, 2000) . JGI 499 genome browsers of Chlorella variabilis NC64A and Coccomyxa subellipsoidea C-169 were 500 also used for retrieving genes and checking gene order on the scaffolds. 501 502
Phylogenetic analysis 503
For a phylogenetic tree of chlorophyte green algae, the sequences of 18S rRNA gene, ITS1, 504 5.8S rRNA gene, ITS2 and 28S rRNA gene were obtained from scaffold20 of Chlorella A99 505 genome sequence, and from NCBI nucleotide database entries for Chlorella variabilis NC64A 506 (FM205849.1), Auxenochlorella protothecoides 0710 (NW_011934479.1), Coccomyxa 507 subellipsoidea C169 (AGSI01000011.1), Volvox carteri f. nagariensis (NW_003307662.1), 508
Chlamydomonas reinhardtii (FR865576.1), Ostreococcus tauri (GQ426340.1) and 509
Micromonas pusilla (FN562452.1). Multiple alignments were produced with CLUSTALX (2.1) 510 with gap trimming (Larkin et al., 2007) . Sequences of poor quality that did not well align were 511 deleted using BioEdit (Hall, 1999) . Phylogenetic analyses were performed using the Neighbor-512
Joining method by CLUSTALX. Representative phylogenetic trees were drawn by using NJ 513 plot (Perriere and Gouy, 1996) . to Chlorophyceae class of green algae. Primers for NAR2 could not be designed because of 520 insufficient conservation. As positive controls, amplicons were produced for NR of all the green 521 algae examined and of NRT2 and NiR from NC64A, C169 and Cr, after which their sequences 522 were checked. KOD FX Neo (TOYOBO, Tokyo, Japan) was used under the following 523 conditions: an initial denaturation phase (94 °C for 120 sec) followed by 36 cycles of (98 °C for 524 30 sec, 69 °C for 100 sec) for NiR, (98 °C for 30 sec, 58 °C for 30 sec and 68 °C for 210 sec) 525 for NRT2 and (98 °C for 30 sec, 59 °C for 30 sec and 68 °C for 60 sec) for NR. In each case, 526 10 ng gDNA was used as a template. The primers used are described in Supplementary Table  527 7C. PCR products were sequenced to confirm amplification of the target genes using ABI 528 PRISM 3100 Genetic Analyzer (Thermo Fisher Scientific Inc., Madison, USA) using BigDye 529 Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific). 530 531
In vitro culture of algae 532
To isolate symbiotic algae, polyps were quickly homogenized in 0.25% sodium dodecyl sulfate and centrifuged at 500g for 5min. Isolated A99, NC64A and C169 were washed by sterilized 535
Bold Basal Medium (Bischoff and Bold, 1963) modified by the addition of 0.5% glucose, 536 1.2mg/L vitamine B1 (Thiaminhydrochloride), 0.01mg/L vitamine B12 (Cyanocobalamin) 537
( Supplementary Table 6 ) and incubated for two days in modified Bold Basal Medium with 538 50mg/l ampicillin and streptomycin. The algae were cultivated in 5 ml of modified Bold Basal 539 Medium (BBM) with the same amount of nitrogen (2.9 mM NaNO3, NH4Cl, glutamine or 426 540 mg/l casamino acids) and 5mg/l Carbendazim (anti-fungal) with fluorescent illumination (12 541 hour light, 12 hour dark) at 20˚C. Mean numbers of algae per ml were calculated from three 542 tubes enumerated at 4, 8, and 12 days after inoculation with 10 6 cell/sml using a 543 hemocytometer. After cultivation, gDNA was isolated from the A99 cultured in Gln-containing 544 BBM and casamino acid-containing BBM and A99 was isolated from green hydra directly. A 545 partial genomic region of the 18S rRNA gene was amplified by PCR and sequenced to confirm 546 absence of contamination by other algae. PCR was performed using AmpliTaq Gold (Thermo 547 Fisher Scientific). Sequencing was performed as described above. The primers used are 548 described in Supplementary Table 7D . 549 550 551 Acknowledgement 552
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Figure. 7. Molecular interactions in the symbiosis between green hydra and Chlorella A99
During light conditions, Chlorella performs photosynthesis and produces maltose (Mal) which is secreted into the Hydra symbiosome where it is possibly digested to glucose (Gluc), shown in red. The sugar induces expression of hydra genes encoding glutamine synthetase (GS), Na/Pi transporter (NaPi) and Spot14. GS synthesizes glutamine (Gln) from glutamate (Glu) and ammonium (NH4+). Gln is used by Chlorella as a nitrogen source. Since the sugar also upregulates the gene for NaPi which controls intracellular phosphate levels, it might be involved in the supply of phosphorus to Chlorella as well (blue broken line). The sugar is transmitted or defused to the ectoderm (red broken line) and there induces the expression of GS and Spot14. In the Chlorella A99 genome, degeneration of the nitrate assimilation system and an increase of amino acid transporters was observed (green balloon). Supplemental Table 1 . List of the A99 specific genes differentially expressed in Hv_Sym compared to both Hv_Apo and Hv_NC64A and fold changes of expression level examined by microarray and qPCR.
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